Abstract-Multiple reception antenna assisted
I. INTRODUCTION
Space Division Multiple Access (SDMA) concepts incorporating effective multi-user OFDM detection techniques have recently been addressed in a variety of publications. More specifically, detection techniques typically employed in CDMA systems, such as Minimum MeanSquare Error (MMSE) combining Successive Interference Cancellation (SIC) Parallel Interference Cancellation (PIC) [5] , Maximum Likelihood (ML) detection [3,6] and Maximum Likelihood Sequence Estimation (MLSE) [5, 7] have recently been tailored to support the operation of SDMA systems. A further technique, which can be used by both single-and multi-camer CDMA systems [8] , potentially supporting multiple simultaneous users at the cost of a reduced throughput for each individual user, is spreading of the transmitted signal by means of orthogonal codes, such as for example Walsh-Hadamard sequences. In the context of single user OFDM systems, spreading has been recognized as an ef- VCT2001 Fall Conference, October 7-11,2001 . Atlantic City, NJ The financial support of the European Union under the auspices of the Pan-European TRUST project and that of the EPSRC, Swindon UK is gratefully acknowledged fective technique for exploiting the multipath diversity offered by a wideband channel. Hence, in this contribution we combine multiple reception antenna assisted SDMA concepts, where each user accesses the entire available frequency band, with subcarrier spreading [8] . Our investigations will assess the impact of spreading on the MMSE and PIC detection techniques. The outline of the paper is as follows. In Section I1 we introduce the SDMA signal model, while in Section I11 the principles of spreading are explained. In Section IV simulation results are presented for various system configurations in terms of the number of users supported. Our conclusions are offered in Section V.
THE SDMA SIGNAL MODEL
In Figure 1 we have portrayed an SDMA uplink transmission scenario, where each of the L simultaneous users is equipped with a single transmission antenna, while the receiver capitalizes on a P-element antenna front-end. The
received by the P-element antenna array in the k-th subcarrier of the n-th OFDM symbol is constituted by the superposition of the independently faded signals associated with the L users sharing the same space-frequency resource. The received signal was corrupted by the Gaussian noise at the array elements. The indices [n, k] have been omitted for notational convenience during our forthcoming discourse, yielding:
= H s + n , (1) where the ( P x 1)-dimensional vector x of received signals, the vector s of transmitted signals and the array noise vector n, respectively, are given by:
The frequency domain channel transfer factor matrix H of dimension L x P is constituted by the set of channel vectors of the L users: each of which hosts the frequency domain channel transfer factors between the single transmitter antenna associated with a particular user I and the reception array elements P E {1, ..., P } :
Regarding the statistical properties of the components associated with the vectors in Equation 1, we assume that the complex data signal s(') transmitted by the I-th user has zero-mean and unit variance. The AWGN noise process np at any antenna array element p exhibits also zero-mean and a variance of u2. The frequency domain channel transfer factors H!) of the different array elements p E { 1, . . . , P } or users I E { 1, . . . , L } are independent, stationary, complex Gaussian distributed processes with zero-mean and a different variance of U; VI.
WALSH-HADAMARD TRANSFORM SPREADING
During the n-th OFDM symbol period prior to transmission the set of K data symbols si')[n, i], 0 5 5 K -1 of the Z-th user, which are associated with individual subcarriers in a scenario using no spreading, is subjected to the Walsh-Hadamard Transform (WHT) [8] in the spread scenario. As a result, each subcarrier-related symbol at the output of the transform block contains a contribution of all the original subcarrier data symbols that are to be transmitted. At the receiver after subcarrier-by-subcarrier based channel equalization in the single-user single-reception antenna scenario or after array combining in the multiuser multi -reception antenna assisted SDMA scenario despreading is performed. Despreading is invoked separately for the different users in the SDMA scenario. Due to the operations of spreading and despreading combined with MMSE biised frequency-domain equalization the adverse effects of low SNR subcarriers on the average BER performance is potentially improved. This is a direct consequence of spreading, since even if the signal corresponding to a specilk chip is obliterated by a deep channel fade, after despreading its effects are spread over the WHT-length. Hence there is a high chance of still recovering all the partially affected subcarrier symbols without errors.
Since the employment of WHTs having a high transform length, such as for example 512, as required in case of the indoor WATM system model employed in our investigations in Section IV would impose a high computational complexity, we partition the OFDM symbol into several WHTs. This is also justified by the observation that most of the channel's diversity can be t:xploited with the aid of a relatively short spreading length, as illustrated in Figure 3 . Furthermore, depending on the particular delay spread profile of the channel, the OFDM symbol bandwidth of K subcarriers can be divided into K / M interleaved blocks of size M each, which are separately subjected to the WHT. More specifically, the i-ih WHT block contains subcarriers having indices j given by:
where acc:ording to our definition both the first WHT block and the fiirst OFDM subcarrier are represented by an index of zero. In Figure 2 we have further illustrated the operation of WHT based spreading applied to blocks of an identical size, where each block hosts only a fraction of the total number of K subcarriers associated with the OFDM symbol. More specifically, in this particular example the OFDM symbol is composed of 16 interleaved WHT blocks and the subcarriers which are 16 frequency positions apart The WHT spreading assisted OFDM system can be viewed in terms of the average BER achieved as a 'fully loaded' downlink Multi-Carrier Code Divison Multiple Access (MC-CDMA) scheme. As a result of the orthogonality of the WHT, the operations of MMSE based frequency-domain equalization and despreading are decoupled both in the single-user single reception antenna as well as in the multi-user multi-reception antenna scenario.
IV. SIMULATION RESULTS
Simulation results have been obtained for the indoor WATM system-and channel model of [9,10]. The associated parameters are listed in Table I . We commenced our of Table I . MMSE-based frequency domain channel equalization [8, 11] was performed at the receiver. The corresponding results are portrayed in Figure 3 . We observe that as a consequence of the residual 'multiple-access' interference imposed by the spread signals of the different subcarriers hosted by each WHT block, the BER performance is not particularly sensitive to the WHT block length provided that it is in excess of 32 subcarriers for the S N R s of our interest. It should be noted that the benefit of spreading is directly related to the diversity potential offered by a specific dispersive channel. More specifically, the higher the channel's delay spread, the less separated are the frequency-domain fades, hence allowing a lower WHT length for achieving as high a randomization of the Average SNR at the array elements [dB] BER performance comparison between MMSE, PIC or SIC multi-user detection assisted, 4QAM modulated, two reception antenna, two user OFDM systems, in the context of an SDMA channel environment as portrayed in Figure 1 , where each independently fading channel is characterized by the parameters of the 'frame-invariant' fading indoor WATM channel model given in Table I [ 9 ] ; the systems employing MMSE and PIC multi-user detection were further assisted by Walsh-Hadamard spreading using a blocksize of 16 subcarriers; ideal channel transfer function knowledge was assumed. frequency-domain fading effects as possible.
In our next investigations we compared the BER performance of the WHT assisted OFDM system to a nonspread OFDM system and to an OFDM system employing adaptive modulation [9] , under the constraint of having a target throughput equivalent to that of the fixed mode 4QAM modulated OFDM system. The modulation mode adaptation regime employed a total of four modes, namely 'no transmission', BPSK, 4QAM and 16QAM transmission. In order to reduce the signalling overhead required, the modulation modes were assigned on a subband basis, where each subband hosted either one or a number of subcarriers. Specifically, using one subcarrier per subband allowed us to determine the upperbound performance of the system. Furthermore, the best case scenario of per,-fect channel transfer function knowledge was invoked in the process of determining the optimum modulation mode assignment. The corresponding simulation results are illustrated in Figure 4 . We observe that in the specific indoor WATM channel environment, assuming the separa- Figure 1 , where each independently fading channel is characterized by the parameters of the 'frame-invariant' fading indoor WATM channel model given in Table I [9]; the systems employing MMSE and PIC multi-user detection were further assisted by Walsh-Hadamard spreading using a blocksize of 16 subcarriers; ideal channel transfer function knowledlge was assumed. tion of the total bandwidth into 32 equal-sized subbands, each hosting 16 subcarriers, the OFDM system employing adaptive modulation exhibits the same performance as the spread OFDM system, for a WHT blocksize of 64 subcarriers. By contrast, a hypothetic system assigning an individual moclulation mode to each subcarrier outperformed the WHT OFDM scheme by about 2dB. Hence, taking also into account the signalling overhead required by the adaptive modulation scheme, as well as its limited applicability to relatively slowly varying channels in the absence of channel transfer function prediction techniques, we conclude that subcarrier spreading is a more convenient approach to exploiting the wideband channel's diversity potential.
Our further aim was to investigate the applicability of WHT based spreading in the context of an SIIMA-OFDM system, where the signals of L simultaneous users each equipped with one transmission antenna are separated at the BS with the aid of a P-element antenna array. This scenario was portrayed in Figure 1 We observe that the PIC detector using WHT based spreading outperforms the SIC detector in the non-spread case, which, following the philosophy of the M-algorithm, tracked two possible symbol states from each node. By contrast, the least complex multi-user receiver, namely the MMSE detector performed about 2.5dB worse, than PIC, which was also observed in the non-spread scenario. Again by contrast, in case of a four reception antenna, four user SDMA scenario characterized in Figure 6 , the SIC detector applied in the non-spread scenario outperforms both spreading assisted arrangements, namely those employing MMSE and PIC based detection. Still, in comparison to an arrangement using no spreading, both the MMSE and PIC detection assisted SDMA scenarios exhibit a significant performance gain in the presence of spreading.
V. CONCLUSIONS
From the investigations conducted we conclude that WHT based subcarrier spreading can be effectively employed in the context of SDMA/OFDM scenarios supporting a moderate number of users in conjunction with MMSE and PIC multi-user detection techniques, in order to exploit the diversity potential offered by the wideband channel. While spreading assisted PIC detection slightly outperformed the SIC detection assisted system using no spreading in the two-reception antenna, two-user scenario, in OFDM scenarios supporting a high number of users, SIC detection -which was not directly applicable to scenarios using spreading -was demonstrated to be more effective.
